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Schistosoma japonicum causes schistosomiasis in humans and livestock in the Asia-Pacific region. We assembled more than 43,700
S. japonicum expressed sequence tags and conducted comparative genomic analyses between S. japonicum and its human host. Some schistosome
genes showed exceptionally high similarity in nucleotide sequence to their human homologues, of which five exhibited anomalous phylogeny and
human codon usage bias. The most plausible explanation for their presence is horizontal gene transfer from host to parasite. Functional evidence
suggests that S. japonicum might exploit host endocrine and immune signals for cell development and maturation via these host-like genes.
© 2007 Elsevier Inc. All rights reserved.Keywords: Horizontal gene transfer; Phylogenetic analysis; Codon usage bias; Host–parasite interactionSchistosoma japonicum is the major causative agent of
schistosomiasis in human and livestock in the Asia-Pacific
region. In China alone, nearly 1 million people are afflicted with
schistosomiasis, and 30 million are at risk of infection with
S. japonicum [1].
It has been reported that schistosomes have adapted to their
mammalian hosts, by exploitation of host endocrine and
immune signals using mammalian-like schistosome molecules,
such as epidermal growth factor receptor and RAS protein [2].
The extreme similarity of parasite gene products to host coun-
terparts also helps in evasion of host immune responses [3].
Recent studies proposed that host-like parasite genes might beAbbreviations: EST, expressed sequence tags; HGT, horizontal gene
transfer; PMB, probability matrix from blocks; RSCU, relative synonymous
codon usage; CDS, coding sequence; ORF, open reading frame; NR pro-
tein database, Non-Redundant database; NJ algorithm, neighbor-joining
algorithm.
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There is recent evidence to suggest that HGT has occurred
widely in diverse organisms, including bacteria, Archaea, and
eukaryotes [5]. However, only a few cases of eukaryote-to-
eukaryote HGT, including host to schistosome [4], have been
reported in the literature [4,6,7], which may be attributed to the
rigorous checkpoint system in eukaryotic cells and the limited
attention paid to this research area. Until October 2003, more
than 43,700 S. japonicum expressed sequence tags (ESTs) [8]
and hundreds of full-length cDNAs had been released. It
was then feasible to detect host-like S. japonicum genes, ex-
plore the origin of these genes, and discuss their contribution to
host–parasite interaction and relationship to schistosomiasis
pathogenesis.
In this work, we investigated potential S. japonicum human-
like genes by phylogenetic analysis and codon usage bias
estimation based on the S. japonicum transcriptome data and
found five human-like S. japonicum genes that may originate
from the human host. The current functional annotations of
these genes suggest they may play important roles in parasite
exploitation of the host's endocrine and immune signals during
development and maturation.
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Detecting human-like S. japonicum genes among assembled
EST sequences by comparative genomics
The original 43,707 S. japonicum ESTs and 177 full-length
cDNAs were preprocessed as described under Materials and
methods, and the remaining 39,823 ESTs were subjected to the
assembly procedure, with the 177 processed full-length cDNAs
serving as assembly seeds. Initial clustering divided these se-
quences into 2525 clusters including 2524 regular clusters and a
special cluster comprising singletons. The clusters were then
assembled separately, as described under Materials and meth-
ods, to produce 5659 contigs and 8963 singlets, yielding a total
of 14,622 unique sequences (or potential transcripts).
To identify human-like S. japonicum genes, the 14,622
unique sequences were searched against human mRNAs ex-
tracted from the RefSeq database using BLASTN with cutoff
values of 10−10 E value, 95% identity in high-score pair, and
90% similarity in length (percentage of matched amino acids or
nucleic acids compared to the total length of query or subject
sequence). A total of 21 human-like S. japonicum sequences
were identified. After a manual check of the sequences, 2 that
were aligned to mRNAs for hypothetical proteins were dis-
missed from further analysis. A query of the Human Gene Ex-
pression Index (http://www.biotechnologycenter.org/hio/
databases/index.html; HuGE Index) using the remaining
sequences found 5 housekeeping sequences, which were also
removed from further analysis to prevent interference of con-
served genes across species. Among the remaining 14 se-
quences, 4 S. japonicum sequences whose similarity in length
was over 96% were removed as potential contaminants. The 10
remaining S. japonicum sequences have exceptionally high
similarity to human sequences (Table 1). The open reading
frames (ORFs) of these 10 sequences were obtained using
GETORF in EMBOSS and confirmed by BLASTX against theTable 1
Human genes orthologous to the 10 S. japonicum sequences with exceptionally
high similarity to human sequences
Sja ID Sja length
(bp)
Human ID CDS length
(bp)
Gene
symbol
Percentage
7090 402 NM_001423.1 474 EMP1 85
7108 447 NM_198448.2 528 REG3G 85
7122 426 NM_004177.3 870 STX3 49
7129 468 NM_004870.2 744 MPDU1 63
7133 510 NM_017455.2 849 NPTN 60
7072 381 NM_003768.2 393 PEA15 97
7075 507 NM_007007.1 1656 CPSF6 31
7080 441 NM_006547.2 1740 IGF2BP3 25
7082 495 NM_016447.2 1623 MPP6 30
7094 432 NM_004240.2 1638 TRIP10 26
Sja ID, S. japonicum assembly-sequence ID; Sja length, the length of the
S. japonicum nucleic acid sequence; Human ID, the human gene accession
number; CDS length, the corresponding human CDS length; Gene symbol, gene
symbol of the human gene; Percentage, the percentage sequence length of the
aligned human gene sequence over the human CDS.Non-Redundant (NR) protein database (Supplementary data
supORF_x).
Simulating the impact of sequence incompleteness on the
measure of codon usage bias
Since the above 10 sequences were not full-length genes, it was
necessary to evaluate to what extent a partial gene sequence
represents the complete sequence in terms of the codon usage bias
(as described under Materials and methods). The inflection of the
simulation curve of correlation coefficient-percentage level was
40%, suggesting that a partial sequence greater than 40% of its
parental sequence has a representative codon usage bias (Sup-
plementary Fig. 1). From the remaining sequences, only 6 (Table 1)
were thus suitable for analyzing codon usage bias.
Phylogenetic analyses and codon usage bias of human-like
S. japonicum genes
To initiate phylogenetic analysis for each of these six genes,
orthologous proteins from 10 to 15 species were retrieved from
the NR protein database using a reciprocal best-hit method with
cutoff values of 10−3 E value and 30% similarity in length, and
the corresponding mRNAs and CDSs of these orthologous
sequences were extracted.
Phylogenetic analysis was performed to determine the pos-
sible evolutionary relationship of the human-like genes. After
manually editing poorly aligned regions, phylogenetic trees for
each of the six genes were built using the neighbor-joining (NJ)
algorithm of the PHYLIP package. It was found that in five trees
the distance between S. japonicum and the primate hosts exam-
ined, Homo sapiens, Pan troglodytes, and Macaca mulatta,
was shorter than those between S. japonicum and other more
closely related invertebrate species, such as Caenorhabditis
elegans and Drosophila melanogaster (Fig. 1A–E). Further-
more, among these primate hosts, the genes of S. japonicum
clustered more closely with their human orthologues. This is
clearly different from the species tree based on the NCBI
taxonomic tree (Supplementary Fig. 2). We also tried the
maximum-likelihood algorithm with the Probability Matrix
from Blocks (PMB) model, and the resulting phylogenetic trees
had a topology similar that to the NJ trees (data not shown).
Codon usage bias analysis of the five genes was then per-
formed to detect gene origin. The calculation of the relative
synonymous codon usage (RSCU) between S. japonicum and
other species indicated that all of the five S. japonicum genes
showed human codon usage bias (Fig. 2A–E).
The evidence of phylogenetic trees and codon usage bias
suggests that the five human-like S. japonicum genes (7108,
7129, 7090, 7122, and 7133 in Table 1) seemed to originate from
their human counterparts. These human orthologues, REG3A,
MPDU1, EMP1, STX3, and NPTN, are involved in NF-κB
pathway activation in pancreatitis [9], protein folding and
membrane anchoring [10], cell proliferation and differentiation
[11], membrane transport regulation and insulin exocytosis [12],
and cell–cell interactions or cell–substrate interactions [13],
respectively.
Fig. 1. The neighbor-joining phylogenetic trees of five S. japonicum genes. (A) 7108 (REG3A); (B) 7090 (EMP1); (C) 7129 (MPDU1); (D) 7122 (STX3); (E) 7133
(NPTN). H. sapiens, Homo sapiens; P. troglodytes, Pan troglodytes; M. mulatta, Macaca mulatta; M. musculus, Mus musculus; R. norvegicus, Rattus norvegicus;
O. cuniculus, Oryctolagus cuniculus; B. taurus, Bos taurus; S. scrofa, Sus scrofa; C. familiaris, Canis familiaris; G. gallus, Gallus gallus; X. laevis, Xenopus laevis;
D. rerio, Danio rerio; D. melanogaster, Drosophila melanogaster; C. elegans, Caenorhabditis elegans; A. mellifera, Apis mellifera; A. gambiae, Anopheles gambiae;
S. cerevisiae, Saccharomyces cerevisiae; P. falciparum, Plasmodium falciparum; E. coli, Escherichia coli.
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are contaminant sequences
Since the S. japonicum data used in this study were isolated
from rabbits and mice, we needed to exclude the possibility that
the proposed human-like S. japonicum genes were contami-
nants originating from these mammalian cells. Since the ge-Fig. 2. The codon usage bias results of five S. japonicum genes and their correspond
(C) 7129 (MPDU1); (D) 7122 (STX3); (E) 7133 (NPTN). CCCU, correlation coeffnome sequence of S. japonicum is not yet released completely,
the five human-like genes cannot be mapped by in silico
methods. As a compromise, the five genes were searched
against RefSeq mRNA sequences of eight model species in-
cluding H. sapiens, Mus musculus, Rattus norvegicus, Gallus
gallus, Xenopus tropicalis, Danio rerio, Dr. melanogaster, and
Cae. elegans, using BLASTN with the cutoff values of 10−5ing homologues across different species. (A) 7108 (REG3A); (B) 7090 (EMP1);
icient of codon usage.
Table 2
The homology results of five human-like S. japonicum genes against sequences from eight model species
RefSeq mRNA Sja ID
7122 7090 7129 7108 7133
Homo sapiens
Accession No. NM_004177.3 NM_001423.1 NM_004870.1 NM_198448.2 NM_017455.2
E value 0 0 0 0 0
Mus musculus
Accession No. NM_001025307.1 NM_010128.3 NM_011900.2 NM_011036.1 NM_009145.1
E value 7×10−145 3×10−42 6×10−127 4×10−23 0
Rattus norvegicus
Accession No. NM_031124.1 NM_012843.2 XM_220606.4 NM_173097.1 NM_019380.1
E value 2×10−142 2×10−40 2×10−114 10−13 4×10−144
Gallus gallus
Accession No. XM_426395.1 XM_416203.1 NA NA NA
E value 10−7 0.026 NA NA NA
Xenopus tropicalis
Accession No. NM_001016272.2 NA NA NA NA
E value 10−10 NA NA NA NA
Danio rerio
Accession No. XM_695509.1 NA NA NA NA
E value 3×10−11 NA NA NA NA
Drosophila melanogaster
Accession No. NA NA NA NA NA
E value NA NA NA NA NA
Caenorhabditis elegans
Accession No. NA NA NA NA NA
E value NA NA NA NA NA
155F. Yu et al. / Genomics 91 (2008) 152–157E value and 30% similarity in length. The comparative analyses
results (Table 2) indicated that the five genes showed higher
similarity to human genes than to mouse and other mammalian
genes, implying that they were probably not contaminants from
rabbit or mouse, but real S. japonicum genes.
Discussion
In this report, five human-like genes, the orthologues to
REG3A, MPDU1, EMP1, STX3, and NPTN, were identified by
comparative genomic analysis based on S. japonicum tran-
scriptome data. Due to high similarity to mammalian sequences,
it could be argued they are contaminants. These contaminations
could arise from two sources, either human contaminants ac-
quired during experimentation or those derived from the animal
hosts used to raise the schistosomes. However, although the five
sequences were highly similar to human genes, their homology
is below the cutoff value of 96% similarity, making a human
contaminant source unlikely. Furthermore, we also determined
that the mismatched nucleic acids were not caused by single-
nucleotide polymorphisms (SNPs) present in the human dbSNP
database. In addition, the quality of the sequencing file data
indicated that the differences observed were not due to se-
quencing errors. Because the genes are more closely related to
human than mouse, it is also very unlikely that they are mousehost contaminants, and, although we cannot directly compare
the genes to the rabbit genome, the comparisons performed with
eight model species (Table 2) suggest a human origin rather than
other mammalian species. The most parsimonious explanation
is thus that these five human-like genes are in fact S. japonicum
genes, although we await confirmation of their loci in the
S. japonicum genome.
In general, interactions betweenmolecules involved in parasite
survival and host defense mostly occur during the infection
process andmay involve parasiticmolecules that closely resemble
those of the host [2]. It is therefore valuable to address the
molecular functions of the human-like S. japonicum genes and
their orthologous mammalian genes. The REG3A gene, encoding
a pancreatitis-associated protein precursor in humans, is thought
to be involved in cell proliferation or differentiation through the
protein kinase A signaling pathway [14]. It also activates the NF-
κB pathway during pancreatitis-induced lung inflammation [9].
The MPDU1 gene product is required for mannose-P-dolichol
utilization during synthesis of lipid-linked oligosaccharides and
glycosylphosphatidylinositols [10], which are involved in protein
folding and membrane anchoring, respectively. The EMP1 gene
encodes the epithelial membrane protein 1, involved in cell
communication and adhesion, cell–cell recognition, and the
regulation of cell proliferation and differentiation [15]. The fourth
gene, STX3, encodes syntaxin 3A, which regulates apical
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tion of Ca2+ channel current amplitude, and K+-induced insulin
exocytosis [12]. The final gene, NPTN, encodes neuroplastin,
which functions in cell–cell interactions or cell–substrate
interactions [13]. These collective functions suggest that the
human-like genes may enable S. japonicum to exploit host
endocrine and immune signals and thus contribute to parasite cell
differentiation, development, and maturation. Moreover, these S.
japonicum molecules could assist the parasite in host immune
system evasion.
So far, at least two alternative mechanisms have been proposed
to account for the occurrence of host-like genes in a parasite
genome. The first proposition is that the individual gene originally
existed in common ancestors and was selectively lost in most
species as a result of functional selection or nonsense mutations
during the evolution process. If this hypothesis were true, these
human-like genes in the S. japonicum genome would have existed
before schistosome species separation and evolved among different
mammalian species independently. However, this cannot explain
the observation that these genes are found only in S. japonicum,
while having been lost at a high rate in other invertebrates, because
this processwouldmean an excessive evolutionary cost. Therefore,
this “ancient existence and gene loss” model seems an unrealistic
explanation of these anomalous human-like genes.
The second possibility is horizontal gene transfer. Over the past
few years, HGT has proven to be one of the major driving forces
for cellular evolution [16], which enables an organism to acquire
new functions across species barriers in an asexual way. The
comparative analysis of the five human-like S. japonicum genes is
in accordwith thewidely accepted criteria forHGT [17], including
the incongruent phylogenetic relationship of the respective protein
(Fig. 1A–E) and the unexpected phyletic distribution of nucleotide
sequences (Table 2) and the high codon usage bias toward the
human host (Fig. 2A–E). We could not find orthologues of these
genes in other schistosome species, although this may be due to
insufficient data from other species. Nevertheless, the higher
sequence similarity of these genes between S. japonicum and
human, rather than between S. japonicum and other primates or
mammals, suggests that these five S. japonicum genes may have
been horizontally transferred from the human host after speciation
of human and other primates. In addition, if there are indeed no
orthologues in other schistosomes, this would suggest that HGT
occurred after the speciation of schistosomes. One could speculate
that these HGT events involve single genes rather than genome
fragments, which could cause genome rearrangements in schisto-
somes [4]. Combined with the functional inferences of the five
human-like S. japonicum genes, it seems that the host-to-parasite
HGT event in this case helps the parasite make use of critical host
functions via several single host-like genes, which is an economic
way for the parasite to survive in the host and escape from the
immune system.
In conclusion, our results suggest that horizontal gene trans-
fer might play an important role in the interaction between
S. japonicum and its human host. Although we await complete
sequencing to localize these human-like genes in the S. japonicum
genome, these data provide insights for experimental schistoso-
miasis research. The identification of other mammalian host-likegenes and further genomic, genetic, and biochemical investiga-
tions are necessary to define the detailed mechanisms underlying
parasite–host interaction.
Materials and methods
S. japonicum data collection
A total of 43,707 ESTs derived from S. japonicum of different life stages [8]
were downloaded from the Web site of the Chinese National Human Genome
Center at Shanghai in January 2004 (Supplementary Data supFile1.zip).
Additionally, 177 S. japonicum full-length cDNAs were obtained from
GenBank.
Sequence preprocessing
To ensure that the starting sequences for assembly and annotation were of
high quality and contaminant free, sequence preprocessing was conducted,
including vector and adaptor trimming, quality and length control, contaminant
removal, and repeat masking.
First, vector regions and adaptor regions were trimmed off the original
sequences according to the NCBI UniVector sequences (ftp://ftp.ncbi.nih.gov/
blast/db/FASTA/vector.gz) and the instructions for cloning vectors by using
cross_match software (http://www.phrap.org). Second, bases with a Phred score
less than 13 were defined as low-quality bases. After removal of low-quality
regions at both 5′ and 3′ termini, sequences of fewer than 150 nucleotides or
with mean quality value less than 20 were discarded from further analysis. Third,
sequences showing more than 30% similarity in length to rRNA, mtDNA,
chlDNA, Escherichia coli DNA, or rabbit expression sequence tags were
removed as contaminants. Finally, repetitive sequences were screened and
masked using RepeatMasker (version 07/07/2001) and the RepBase database
(version 8.12).
Sequence assembly
The sequence assembly procedure included two steps, initial clustering and
assembly. Initial clustering was performed with the BLASTCLUST program
using 5% coverage and 90% identity as cutoff values, leading to a series of
clusters and singletons. Then, sequences in each cluster were assembled with the
Cap3 software (http://seq.cs.iastate.edu/), yielding a set of potentially unique
sequences, including contigs and singlets.
Construction of phylogenetic trees
The following two steps were performed to generate phylogenetic trees:
multiple sequence alignment and phylogenetic analysis. Multiple sequence
alignment analysis was performed with ClustalW, version 1.83, using default
parameters. Phylogenetic trees were then constructed using the neighbor-
joining method from the PMB model of the PHYLIP package (version 3.6).
Branch significance was tested by the bootstrapping method using 1000
reiterations.
Measure of codon usage bias
The RSCU was used to measure the codon usage bias (or codon usage
variation) among genes from S. japonicum and other species. The RSCU
method calculates the ratio of the observed codon frequency to the expected
frequency assuming that all the synonymous codons for those amino acids are
equally used. The Pearson correlation coefficient for the RSCU values of
orthologous genes was calculated and evaluated.
Simulation of the influence of sequence incompleteness on the measure
of codon usage bias
This procedure aimed to evaluate the influence of incomplete sequences on
the measure of codon usage bias. A total of 62 complete CDSs of mammalian
157F. Yu et al. / Genomics 91 (2008) 152–157and invertebrate genes were randomly selected from the RefSeq database (http://
www.ncbi.nlm.nih.gov/RefSeq/). Since EST sequences tend to be incomplete at
the 5′ end, the 5′ end of each complete CDS was progressively shortened by 5%,
resulting in 19 subsequences of each original CDS. By using the RSCU mea-
sure, a 61×20 matrix was produced, corresponding to each CDS and its sub-
sequences. Pearson correlation coefficients, at 0.05 significance level, between
each of the subsequences and parental CDS were calculated, and then nor-
malized according to the formula.
The correlation coefficients for each gene at each percentage level were
averaged, and the inflection of the curve of correlation coefficient-percentage
level was estimated.
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